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COMPARISON OF A CUBE-TEXTURED-NICKEL AND A NICKEL-200
MAGNETOSTRICTIVE RING TRANSDUCER

INTRODUCTION

The magnetic and magnetostrictive properties of a magnetostrictive scroll-wound ring
transducer made from cube-textured nickel developed by the International Nickel Com-
pany (INCO) were measured and compared to the corresponding properties of a conven-
tional-nickel ring transducer. The conventional-nickel ring was fabricated at the Naval
Underwater Systems Center, New London, Connecticut, and the cube-textured ring of
nearly identical dimensions was fabricated at INCO. Both transducers were separately
excited in air under identical physical conditions but with varying induction fields, and
their electrical input impedances were measured on a (Scientific Atlanta) Pulse Vector
Immittance Meter. Elastic and magnetostrictive properties of the rings were derived from
the impedance measurements and plotted as a function of induction field to show their
induction-field dependence and to facilitate comparison of the rings' properties. Some
in-water measurements were also made on the two rings at nearly optimum values of in-
duction field. The data obtained can be used to choose the type of ring and the induc-
tion-field level of operation which will best satisfy a given requirement.

APPARATUS

The ring transducers used were wire-wound magnetostrictive cores (Fig. 1). The core
materials were conventional Nickel 200 which is also called A Nickel and the INCO cube-
textured nickel (CTN). The ring cores were scroll wound, which means that they were
made by winding a metal strip about a mandrel and using a bonding agent to hold them
permanently. The Nickel-200 strip was 0.007 inch thick and the INCO CTN strip was
0.008 inch thick. Table 1 gives the average dimensions of the finished cores. The ac-
curacy of the measurements was ±0.0001 m and ±0.0001 kg.

Each of the cores was separately mounted as shown in Fig. 1. The mounting struc-
ture was designed to hold a core in a fixed position in the windings while providing the
least possible clamping of the core and to be acoustically invisible in the excitation fre-
quency range of interest. The 144 toroidal turns of No. 18 Teflon-insulated wire were
supported by four copper hoops above and below the ring core, and the hoops in turn
were supported by two sets of three spokes emanating from hubs at the center of the ring
transducer. The hubs were held apart and the entire structure was kept rigid by a
threaded 1/4-inch bolt and four nuts. The motion of the core was isolated from the sup-
porting structure by pads of rho-c rubber. The toroidal windings were kept uniformly
spaced around the ring by 0-ring stock which was weaved circumferentially through the
windings. The average cross-sectional area enclosed in the windings was

Note: Manuscript submitted June 3, 1974.
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Fig. 1 - A transducer

Table 1
Average Dimensions and Masses of the Finished Cores

Outside Inside Height Mean Radius Mass
Ring Diameter Diameter I (in) 1 (in (kg)

(in) (in) I I___M___m) _(kg)

CTN 0.1382 0.1249 0.02029 0.06578 0.4591

Nickel 200 0.1378 0.1250 0.01942 0.06573 0.4338

Acoil = 1.219 X 10-3 m2 for the CTN ring,

Acoil = 1.070 X 10-3 m 2 for the Nickel-200 ring.

For the air and water measurements the rings were hung with the center bolt vertical by
single pieces of stiff single-conductor wire attached to the center bolt.

Each ring was simultaneously excited by a dc magnetizing current and an ac driving
current. The blocking circuit which isolated the ac current source from the dc current
source is diagrammed in Fig. 2.

The circuit block diagram of the transducer driving system is shown in Fig. 3. The in-
air impedance measurements were done CW; therefore the pulse timing generator and the
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Fig. 2 - Blocking circuit to isolate the current sources
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Fig. 3 - Transducer driving system

transmitter gate in the driving system were switched off. They were switched on for the
in-water measurements, when the pulse-modulated driving signal and the Pulse Vector
Immittance Meter allowed determination of free-field steady-state impedances in the
confined space of the NRL Acoustic Research Tank.

The Pulse Vector Immittance Meter measured the input electrical resistance and
reactance of the transducer and blocking circuit under conditions of CW or pulsed current
excitation. The dc magnetizing current was varied during the experiment to provide vary-
ing induction-field levels in the ring cores. The level of the ac drive current however was
held constant at 15 milliamperes rms for the entire experiment by a current normalizer.
Two fans were directed at the transducers during the in-air measurements to circulate air
through the toroidal windings and around the ring core and thereby reduce the heating of
the windings and core, particularly for operation at high induction-field levels. Neverthe-
less the ring cores became significantly warmer when the magnetizing current exceeded
10 amperes. The Pulsed Vector Immittance Meter was calibrated each day of the experi-
ment with a standard 500-microhenry choke at 10 kHz. The rings were demagnetized
between changes of the level of the dc magnetizing current for the measurements at low
induction-field levels.
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EXPERIMENTAL DATA

An experimental run on a ring transducer corresponded to input electrical impedance
measurements at various frequencies of ac excitation for a single value of dc magnetizing
current. Ten runs were made on each of the two rings in air, and the values of magnetiz-
ing currents were chosen so as to apply roughly the same range of induction fields in the
rings. Table 2 gives the applied dc magnetizing current and the corresponding calculated
magnetic-field intensity and induction-field intensity by using B-H curves for the ring
cores. The values given are in units of measurement most familiar to transducer engineers:
amperes, oersteds (1 Oe - 80 A/m), and kilogauss (1 kG 0.1 tesla). The induction-
field levels for each ring are approximately in the range 1 to 5 kG, and they are spaced
evenly throughout the range. A direct comparison of the variation of the magnetostrictive
parameters of the rings versus induction field is thereby facilitated.

Table 2
Current, Magnetic-Field Intensity, and Induction-Field Level for Each Run

CTN Ring Nickel-200 Ring

Run I H | B I H3 B

(A) (0e) (kG) (A) (0e) (kG)

1 0.73 3.2 1.0 0.30 1.3 0.92
2 0.91 4.0 1.5 0.45 2.0 1.3
3 1.1 4.8 2.0 0.65 2.9 1.7
4 1.4 6.1 2.5 1.0 4.4 2.2
5 2.0 8.8 3.1 1.6 7.0 2.8
6 4.0 18 3.8 2.9 13 3.6
7 6.0 26 4.2 3.8 17 3.9
8 8.0 35 4.4 4.4 19 4.1
9 12 53 4.6 5.5 24 4.4

10 20 88 5.0 7.8 34 4.8

For each run the impedance was measured at seven frequencies (1, 2, 3, 4, 5, 6 and
7 kHz), well below the radial resonance frequency of the rings. Approximately 30 values
of impedance were then measured at or near radial resonance to define the impedance
circle resulting from a plot of electrical input reactance versus electrical input resistance.
Finally some values of impedance were measured at frequencies well above the radial
resonance frequency of the rings. During each run a plot of input reactance versus input
resistance was drawn by a chart recorder as the numerical values of these quantities were
being recorded from the Pulse Vector Immittance Meter. The simultaneous plot, though
not used for data, was useful in visually indicating the frequencies at which impedance
should be recorded. The data were corrected for the contribution to the total input
electrical impedance from the blocking circuit.

The resulting corrected numerical data for a typical run on the CTN ring-dc
magnetizing current = 4.0 amperes (induction-field level = 3.8 kilogauss) and ac driving
current = 15 milliamps-are given in Table 3a. The resulting corrected numerical data for
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a typical run on the Nickel-200 ring-dc magnetizing current = 3.8 amperes (induction-
field level = 3.9 kilogauss) and ac driving current = 15 milliamps-are given in Table 3b.
Figure 4a shows the impedance circle of the CTN ring, and Fig. 4b shows the impedance
circle of the Nickel-200 ring; these are plots of the data for frequencies near resonance in
Tables 3a and 3b respectively. Each point on the plots corresponds to a specific fre-
quency of ring excitation, and the total electrical input impedance at the frequency is the
length of a vector drawn from the origin of coordinates to the point. Similar data were
recorded for each of the 10 runs on the CTN ring and each of the 10 runs on the Nickel-
200 ring.

In addition to the 20 in-air runs described, one run on each ring was done in water.
The water run on the CTN ring was at 4.0 amperes dc magnetizing current and 15 milli-
amperes ac pulsed drive, and the water run on the Nickel-200 ring was 3.8 amperes dc
magnetizing current and 15 milliamperes ac pulsed drive. The purpose of the in-water
runs was to verify a mathematical model of a free-flooded magnetostrictive ring trans-
ducer (NRLEIGSHIP) which predicts the in-water behavior of a ring from empirical data
derived from the ring's in-air behavior. The in-water runs also provide a comparison of
the rings' performance in water under approximately equal dc induction levels and equal
ac levels of drive. Table 4a gives the electrical input resistance and reactance versus fre-
quency of the CTN ring near water radial resonance for 4.0 amperes dc magnetizing current,
and Table 4b gives analogous data for the Nickel-200 ring at 3.8 amperes dc magnetizing
current. Figures 5a and 5b show the electrical input reactance versus resistance curves
plotted from the data.

ANALYSIS

An approximate expression for the total electrical input impedance ZT of a magneto-
strictive ring transducer in air is derived as a function of the electrical and magnetostrictive
properties and the dimensions of the ring from Butterworth and Smith's equivalent circuit
of a magnetostrictive oscillator [1]:

jfN 2 47r x 10-7 jfN2,433AOx + Ps33N933AOX] [
ZT =r + a + _ _ {18

a(Acoil -A) a aS m M

where
A k 23 xR =R 0 o323XI

Rm MP afSB3

and

Ao(1 - k3 3 )
Xm=27TfM* afS33

This expression for ZT is written in a form compatible with all of the variables in the
MKS units of measurement (also compatible with the Systeme International d'Unit6s, or
SI units). The term rw, the dc resistance of the toroidal windings, is typically less than 1
ohm and can be neglected. The second term on the right, which Butterworth and Smith
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Table 3a
Impedances of the CTN Ring During

Run 6 (Table 2): Idc = 4.0 A

Table 3b
Impedances of the Nickel-200 Ring

During Run 7 (Table 2): Idc = 3.8 A

Frequency Resistance [ Reactance
(Hz) | ( ) | _ (_ )

Frequencies Below Resonance

1000 0.8 1.4
2000 0.8 2.8
3000 0.8 4.4
4000 0.8 5.9
5000 0.9 7.6
6000 1.0 9.1
7000 1.1 10.9

Frequencies Near Air Resonance

8000
8500
9000
9119
9122
9125
9128
9131
9134
9137
9140
9144
9150
9162
9165
9168
9171
9174
9177
9180
9184
9206
9209
9212
9215
9218
9221
9224
9227
9230
9233
9239
9246
9321
9500

10000
11000

1.0
1.6
6.0

28.5
29.8
31.4
34.3
36.4
39.0
42.0
45.0
49.7
58.8
73.0
75.8
76.9
78.7
79.2
78.9
77.8
76.0
52.7
49.2
46.0
42.6
41.0
37.5
35.3
33.3
30.8
27.8
24.2
20.9

5.1
0.9
0.6
0.8

13.5
16.3
28.6
46.8
47.3
47.7
48.2
48.4
48.5
48.4
48.1
47.1
43.5
29.7
24.1
21.3
14.1
9.0
2.3

-2.7
-7.9

-30.2
-31.2
-31.9
-32.4
-32.5
-32.5
-32.4
-32.2
-31.7
-30.9
-29.7
-28.1
-11.4

1.9
9.4

13.1

Frequency [ Resistance 1 Reactance
(Hz) I (a) I (52)

Frequencies Below Resonsnce

1000 0.9 2.3
2000 0.8 4.5
3000 0.9 7.0
4000 1.0 9.3
5000 1.2 11.8
6000 1.4 14.1
7000 1.8 16.7

Frequencies Near Air Resonance

8000
9000

10000
11000
11333
11345
11360
11364
11368
11371
11374
11377
11381
11384
11388
11392
11396
11401
11455
11459
11462
11466
11469
11472
11475
11478
11481
11485
11525
11532
11535
11538
11541
11544
11547
11550
11554
11558
11561

2.0
2.5
3.5
8.7

36.3
40.0
46.2
49.1
50.3
51.5
52.5
54.5
56.4
58.7
60.7
63.2
65.7
69.6

110.9
112.6
113.1
114.2
114.6
114.0
114.0
113.2
112.4
111.2
78.5
71.1
66.7
64.3
61.0
58.6
55.8
53.7
51.5
47.2
44.8

18.7
21.8
26.0
38.4
62.4
63.2
64.2
64.7
64.6
64.8
65.8
65.5
65.4
65.2
64.7
64.2
63.7
62.7
26.5
21.8
16.9
12.8
8.7
3.9
0.4

-2.9
-6.8

-12.0
-47.0
-49.2
-50.0
-50.4
-50.6
-50.8
-50.8
-50.6
-50.4
-49.7
-49.1
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Table 3a-Continued

Frequency Resistance Reactance
(Hz) J (g) (52)

Frequencies Above Resonance

12000 1.4 15.2
13000 1.7 16.8
14000 1.7 18.3
15000 1.8 19.7
16000 1.9 21.0
17000 2.1 22.2
18000 2.1 23.5
19000 1.9 24.8
20000 1.6 26.1

0 10 20 30 40 50 60 70 80
RESISTANCE (Sa)

Fig. 4a - Electrical input impedance of the
CTN Ring near air resonance with 'dc = 4.0 A
(plotted from Table 3a)

Uz
4iI-

W

Table 3b-Continued

Frequency Resistance Reactance
(Hz) (a2) (a )

Frequencies Above Resonance

13000 2.2 21.7
14000 2.9 26.1
15000 3.5 29.0
16000 4.0 31.6
17000 4.5 33.9
18000 4.8 36.3
19000 5.0 38.6
20000 4.9 41.0

-- O 10 20 30 40 50 60 70 80 90 100 110
RESISTANCE (a)

120

Fig. 4b - Electrical input impedance of the Nickel-200
ring near air resonance with Idc = 3.8 A (plotted from
Table 3b)

neglect, represents the leakage magnetic flux and is negligible if the cross-sectional area of
the windings A coil is not much greater than the cross sectional area of the core AO and
if the reversible permeability of the core is large compared to that of air and water. In
-this experiment the leakage-flux term must be included because it is not negligible with
respect to the total impedance off resonance for the high-induction-field runs. The first
three terms on the right in Eq. (1) are independent of the magnetostrictive and motional
properties of the ring. They represent the core impedance that would be obtained if the
ring could be rigidly clamped. The fourth term on the right is the motional impedance
term. In this equation f is the frequency of oscillation, N is the number of turns of wire
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Table 4a
Impedances of the CTN Ring Near Radial Resonance for the

Run in Water: Idc = 4.0 A

Frequency Resistance Reactance Frequency Resistance Reactance
(Hz) [ (s) (n ) (Hz) I_(a) I (n)
6000
7000
7100
7200
7300
7330
7360
7400
7410
7420
7431
7440
7450
7461
7472
7480
7491
7501
7510
7520
7530
7541
7551
7560
7571
7586
7598
7606
7618
7634
7643
7653
7663
7674
7684
7693
7703
7713
7723
7734
7741
7751
7762
7773

1.0
2.0
2.6
3.1
4.2
4.5
5.0
5.5
5.7
5.8
6.0
6.2
6.4
6.5
6.6
6.8
7.0
7.1
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.1
8.1
8.1
8.1
8.1
8.1
8.1
8.1
8.1
8.0
8.0
8.0
7.9
7.9
7.8
7,7
7.6
7.5
7.3

9.4
12.3
12.8
13.2
13.7
13.7
13.8
13.7
13.7
13.7
13.6
13.5
13.5
13.4
13.3
13.2
13.1
12.8
12.8
12.6
12.5
12.4
12.2
12.0
11.8
11.6
11.3
11.1
10.8
10.6
10.4
10.3
10.0

9.9
9.7
9.5
9.3
9.2
9.0
8.8
8.6
8.6
8.4
8.2

7782
7792
7800
7810
7822
7833
7843
7853
7863
7873
7883
7893
7903
7909
7919
7927
7932
7942
7949
7958
7966
7976
7987
7995
8007
8017
8027
8036
8045
8055
8064
8073
8085
8094
8106
8130
8160
8200
8300
8500
8700
8900
9500

10000

7.1
7.0
7.0
6.8
6.7
6.6
6.4
6.3
6.1
6.0
5.8
5.8
5.6
5.5
5.4
5.3
5.2
5.1
5.0
4.9
4.8
4.7
4.6
4.6
4.4
4.3
4.3
4.2
4.1
4.0
3.9
3.8
3.8
3.7
3.6
3.4
3.2
3.1
2.7
2.2
2.0
1.8
1.6
1.6

8.1
8.0
8.0
7.8
7.7
7.7
7.6
7.6
7.5
7.5
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.4
7.5
7.5
7.5
7.6
7.6
7.6
7.6
7.6
7.7
7.8
7.8
7.9
8.0
8.1
8.6
9.4
9.8

10.3
11.6
12.6

Table 4b
Impedances of the Nickel-200
Ring Near Radial Resonance
for the Run in Water: IdC =

3.8 A

Frequency | Resistance Reactance
(Hz) ( I) |()

9000
9040
9069
9096
9122
9144
9168
9187
9202
9229
9261
9289
9318
9351
9379
9420
9465
9497
9518
9558
9575
9598
9621
9648
9709
9741
9795
9832
9892
9921
9942
9961
9978
9993

10025
10054
10085
10114
10140
10558
11037

7.2
7.7
7.9
8.3
8.5
8.8
9.1
9.3
9.6
9.9

10.4
10.9
11.3
11.8
12.2
12.8
13.3
13.6
13.8
13.9
14.0
14.1
14.0
13.9
13.5
13.1
12.4
11.9
11.0
10.5
10.2
9.9
9.7
9.4
9.0
8.6
8.3
7.9
7.6
4.7
3.4

24.1
24.2
24.3
24.4
24.4
24.4
24.4
24.4
24.3
24.2
24.2
24.0
23.8
23.5
23.2
22.7
22.0
21.4
21.0
20.2
19.8
19.4
18.9
18.4
17.2
16.5
15.8
15.4
14.8
14.7
14.6
14.5
14.5
14.5
14.5
14.5
14.6
14.6
14.7
16.6
19.0

8



NRL REPORT 7779
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o 4 1
RESITANC (A I I9993Hz

10 ~~~7634 Hz l

10 

7949 Hz

5~~~~~~~~~~~~~~~~

C I
0 5 10 15

RESISTANCE (f)o
_0 5 110 15

Fig. 5a- Electrical input impedance RESISTANCE (W)
of the CTN ring in water with Idc =
4.0 A (plotted from Table 4a) Fig. 5b- Electrical input impedance

of the Nickel-200 ring in water with
Idc = 3.8 A (plotted from Table 4a)

around the core, I33 is the reversible permeability at constant strain, X is the eddy current
vector, a is the mean radius of the core (assuming that the thickness of the core is small
compared to the diameter), g33 is the piezomagnetic constant relating circumferential
strain and circumferential magnetic induction in the ring core, SB3 is the elastic compliance
at constant magnetic induction field of the ring core, Rm is the mechanical resistance, Xm
is the mechanical reactance, Rm is the portion of the mechanical resistance due to losses
other than eddy-current losses, 33 is the material electromechanical coupling coefficient,
XI is the imaginary part of X, and M is the mass of the ring core. The symbols chosen
for the material constants are consistent with the "IEEE Standard on Magnetostrictive
Materials" [2].

The five properties of the CTN ring and the Nickel-200 ring which are derived from
the in-air impedance measurements and are then compared are the reversible permeability
at constant stress p3T3, the material electromechanical coupling coefficient k3 3, the elastic
compliance S3B, and the effective piezomagnetic strain constants d33 and g33. The re-
versible permeability is obtained from a plot of the low-frequency core reactance versus
frequency. At frequencies of excitation of a ring well below the radial resonance fre-
quency the total reactance is given by

fN247r X 10- 7 t N 2 T3AoXR
xc = __ + 33oiX

c a(Ac il -Ao)rl a

9
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where XR is the real part of X and is assumed to be unity for the ring cores in this experi-
ment because the thickness of the rings' metal strip is much less than the wavelength of
sound in the material over the frequency range of interest. The slope of a plot of Xc
versus f is given by

dXc N2 47r X 10-7 N2,413 A0
= ~~~+

df a(Acoil-AO)' a

N2 47r X 1o-7 F33 T

a [Aoil +0 -1o7/f a [ (~~~~~~~~~~~47r X 3 1 )o 

Therefore

a C + X 10- 7 (l --coil. (2)
A0N3 2 dk\ A/

The reversible permeability at constant strain is related to the reversible permeability at
constant stress by s= T 3(1 - k23).p33 p 3 3 3)

The effective electromechanical coupling coefficient k is calculated from a formula
on page 69 in the Summary Technical Report of the National Defense Research Com-
mittee [3]:

k2 Dz
_____ _ Dz ~~~~~~~~~(3)

1 -k 2 XcQz'

where Dz is the diameter of the motional impedance circle in ohms, Qz is the quality
factor of the transducer, and Xc is the core reactance at the radial resonance frequency.
Hysteresis and eddy-current losses are neglected in this formula and in subsequent calcula-
tions. The core reactance of a ring at radial resonance is difficult to determine, because
it cannot be measured directly. The usual procedure is to measure the core reactance at
frequencies well below resonance and well above resonance and extrapolate the resulting
curves of core reactance versus frequency to resonance. This method of determining core
reactance is complicated by the frequency-dependent hysteresis and eddy-current losses in
the ring, which tend to cause the curve to increasingly depart from a straight line at in-
creasing frequencies. For each run in this experiment, curves of core reactance versus
frequency were extrapolated to resonance and a value of Xc was estimated. The magnitude
of core impedance at resonance was then obtained from the plot of total input electrical
reactance versus total input electrical resistance as the magnitude of the impedance vector
corresponding to the estimated core reactance. The motional impedance is the total input
electrical impedance minus the core impedance. The core impedance was assumed to be
constant for the purpose of calculating in-air motional impedances, because the in-air Q
values of the rings used in the experiment were large; therefore the range of frequencies
corresponding to nonnegligible motional impedances was small. The plot of motional
reactance versus motional resistance is a circle called the motional impedance circle. If
ZT, the frequency dependent input impedance, is RT + jXT, and Zc, the core impedance,
is R + jXc, then the motional impedance Zmot is given by

10
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Zmot ZT ZC =RT -RC +j(XT -Xd)

and the magnitude of Zmot is given by

IZt I = [(RT -R,) 2 + (XT - X) 2] 2 .

The motional impedance was calculated for each run at the frequencies near resonance.
The radial resonance frequency fo for a run was the frequency corresponding to maximum
motional impedance, IZmot Imax The quality factor of a ring transducer is

fo

z f2 -fl

where f 2 and fl, the quadrantal frequencies, are the frequencies corresponding to IZmotI =
(1/'/ ) IZmot Imax . The diameter Dz was measured directly from the plotted motional
impedance circle for each run.

The electromechanical coupling coefficient k is the effective coupling coefficient of
the ring transducer with leakage inductance present. Though this coupling coefficient is
important in transducer applications as an index of performance potential, in material
measurements it serves only as an intermediary in the calculation of more basic param-
eters. The material electromechanical coupling coefficient k3 3 is given [4] by

k2 k2k33 L I
0 .A

( A-coil)

where Lo is the inductance of the winding with the ring core removed and Li is the free
inductance measured at frequencies well below the ring radial resonance frequency:

N2 47r X 10 7 ACoi

0o 27ra

N2 47r X 10-7 N_2_ TAO
Li N 2ira (Acoil -AO) + 23ra

Therefore

33 (4)33= K - 1'()
1 / ~~T

( 33

K 1+1 41r X 10-7/

Acoil
where K = .

A 0

11
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The piezomagnetic strain constants are given by formulas derived from the small-
signal linear piezomagnetic transducer equations as indicated in Appendix A:

d= k33 (5)

33

933 = T (6)
p3 3

All of the variables on the right sides of Eqs. (5) and (6) are known from previous calcula-
tions except SB , the elastic compliance. The elastic compliance is calculated from the
motional impedance term in Eq. (1). Motional impedance is a maximum when the
mechanical reactance Xm goes to zero. This occurs, by definition, at the radial resonance
frequency fo:

A0(1 -k23
X 0= 27rf M - _ __)0 af SB3

where
(1 -k 32A

-q 233fAO (7)

The Young's modulus E at constant magnetic induction field is the reciprocal of 5 B3.

From an input set of dimensions, electric drive level, selected frequency range, and
certain parameters derived from input electrical impedance measurements in air, it is
possible, using the NRL computer program NRLEIGSHIP [5], to calculate the total
electrical input impedance of a magnetostrictive ring transducer submerged in an un-
bounded medium and radiating sound. In addition the program delivers in-vacuo modal
frequencies, modal shapes, surface velocities, and electrical and mechanical motional
impedances. One CTN-ring run (IdC = 4.0 amperes) and one Nickel-200-ring run (IdC =
3.8 amperes) are being used to verify the accuracy of EIGSHIP, and an NRL Report
describing the computer program and comparing experimental results to theoretical results
will be issued in the near future.

The transmitting efficiency of a transducer in water at resonance is given by an
expression also found in the NDRC Report [3]:

Eff=Ri [ (8)

where Ri is the total input electrical resistance at water resonance, D is the diameter of
the motional circle in water, and DZ is the diameter of the motional circle in air. The
transmitting efficiency is the ratio of the acoustic power out to the electrical power in.
If all of the electrical power dissipated in the ring were transformed into radiated acoustic
power in the far field, the efficiency of the ring would be 100%. However input power

12
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is also dissipated in various loss mechanisms, such as the electrical resistance in the ring
windings and the friction, hysteresis and eddy-current losses in the ring core.

CALCULATIONS

The magnetic-field intensities in oersteds shown ini Table 2 were calculated from the
expression for magnetic field intensity in a toroidally wound coil:

H3 = NI (47r X 10-3),

where the mean radius of the coil a is

inside diameter + outside diameter
a= 4

and 47r X 10- is the conversion factor from MKS units to oersteds. For the CTN ring

N = 144 turns,

a= 0.06578 meter,

H 144(47r X 10 = 4.38I Oe.
3 2ir(0.06578)

where I is in amperes. For the Nickel-200 ring

N 144 turns,

a= 0.06573 meters,

H3=144(4irf X 10 4.81e
H3 =2 (( 0653) )I =4.38I Oe.H3 27r(.0O6573)

The reversible permeability 3t3 was calculated from Eq. (2). For the CTN ring

A= 1.349 X 10 4m 2,

Acoil= 1.219 X 10 3 m2 ,
and

dX
p3 3 (CTN) = 47r X 10-7 (1.87 X 104 ' + 1 - 9.036).

The plots of low-frequency core reactance X. versus frequency for the 10 runs on the
CTN ring are shown in Fig. 6a. The data points plotted are tabulated in the insert.

13
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For the Nickel-200 ring

A 0 = 1.253 X 10- 4 m 2 ,

Acoil = 1.070 X 10- 3 M2 ,
and

p3 3 (Nickel 200) = 47r X 10-7 2.01 X 104 df + 1 - 8.5433 ~ ~~~(2.1 dX +850) 
The plots of low-frequency core reactance X versus frequency for the 10 runs on the
Nickel-200 ring are shown in Fig. 6b.

The slope of each of the lines plotted in Figs. 6a and 6b was measured, the results
were inserted in the formulas for ,u3f, and p,3T was calculated. The 10 values of p,3T for
each ring are plotted against induction field (Fig. 7). The numerical values of pu3T from
which the plots are drawn are given in Table 5. The values of core reactance at ring
radial resonance were estimated and are given in Table 6. Also given in Table 6 are the
resonance frequencies corresponding to the calculated values of IZmotImax, the calculated
values of Qz, and the measured diameters of the motional impedance circles. The effec-
tive electromechanical coupling coefficient k was calculated from Eq. (3) for each run
from the values of Dz, Xc, and Qz for each run, and the material electromechanical
coupling coefficient k3 3 was calculated from Eq. (4). The coefficient k3 3 is plotted
against magnetic induction field in Fig. 8, and the numerical values of k33 are given in
Table 5. The elastic compliance for each ring was calculated from Eq. (7). For the CTN
ring

M = 0.4591 kg,

(1.349 X 104)(1 -k3 3 ) 7.109 X i0-4 (1 -k2 3 )

27r(0.4591)(0.06578)f2 f2

and

E =- = 1.407 X 103
SB (1 - k2

33 33)

For the 10 runs on the CTN ring the calculated compliance varied between 7.71 X
10- 12m 2/N and 8.29 X 10- 2m2/N and the calculated Young's modulus varied between
1.21 X 1011 N/M2 and 1.30 X 1011 N/M2 . For the Nickel-200 ring

M = 0.4338 kg,

(1.253 X 10-4)(1 - k 2 (1 -k2)
sB= 3 6..33)3) 14

2ir(0.4338)(0.06573 fS g

14
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For the 10 runs on the Nickel-200 ring the calculated compliance varied between 4.88 X
10~1 2r 2 /N and 5.17 X 10~1 2rn 2 /N and the calculated Young's modulus varied between
1.93 X 1011 N/rn2 and 2.05 X 1011 N/rn2 . The average calculated Young's modulus of
the CTN ring is therefore lower than that of the Nickel-200 ring by

1.99 - 1-26 X 100%= 36.7%.

- X 100% = 20.6%.

The piezomagnetic strain constants were calculated from Eqs. (5) and (6) for each run
from the values of SX, k33, and p33 for each run and are plotted against magnetic in-
duction field in Figs. 9 and 10. The numerical values of d33 and Yfrom which the
plots are drawn are given in Table 5.

16
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Table 5
Ring Parameters

Induction Reversible Material Piezomagnetic Piezomagnetic
Field Permeability Coupling Constant ConstantRun B3 YT Coefficient d I g 3

(kG) (47r X 1 N/A 2 ) k33 (10nm/A_) (1lo 53A/N)

CTN Ring

1 1.0 62.3 0.067 1.71 2.18

2 1.5 56.3 0.114 2.77 3.92

3 2.0 52.2 0.126 2.95 4.50

4 2.5 45.4 0.162 3.54 6.20

5 3.1 29.4 0.238 4.21 11.4

6 3.8 21.1 0.263 3.94 14.9

7 4.2 17.0 0.280 3.76 17.6

8 4.4 14.0 0.285 3.47 19.7

9 4.6 12.5 0.267 3.07 19.5

10 5.0 8.8 0.281 2.70 24.4

Nickel-200 Ring

1 0.92 113 0.055 1.49 1.05

2 1.3 97.8 0.110 2.78 2.26

3 1.7 90.1 0.138 3.35 2.96

4 2.2 77.7 0.171 3.87 3.96

5 2.8 67.2 0.219 4.63 5.48

6 3.4 49.1 0.252 4.56 7.39

7 3.9 38.3 0.261. 4.17 8.66

8 4.1 36.7 0.261 4.08 8.85

9 4.4 30.7 0.263 3.75 9.72

10 4.8 21.0 0.255 2.99 11.3

Runs 9 and 10 for the CTN ring were done at magnetizing currents of 12 and 20
amperes, resulting in noticeable heating of the ring core (approximately 100C to 20'C).
The effect of increased temperature of the ring core is a decrease in the magnetostriction,
which may be visualized as an effective decrease in the induction-field level. Therefore
those points on the CTN-ring curves of Figs. 7 through 10 which are plotted at induction

17
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Table 6
Other Ring Parameters Near Air Resonance

Estimated Resonance Diameter
Core Requence of the Motional

RnReactance Frequency Impedance Circle

_ _ _ _ _ _ ~~(92) _ _ _

CTN Ring

1 34.6 9237 185 25.9

2 31.7 9224 132 48.3

3 29.7 9218 130 53.9

4 26.2 9208 110 65.8

5 18.2 9169 98 83.4

6 14.1 9177 107 80.0

7 12.2 9176 112 77.2

8 10.8 9183 121 71.3

9 9.9 9201 161 72.1

10 8.2 9217 174 61.2

Nickel-200 Ring

1 58. 11608 153 25

2 54. 11595 105 64

3 49. 11579 90 80

4 44.5 11556 77 94

5 39. 11499 65 115

6 32. 11471 64 120

7 26.2 11485 72 114

8 25.1 11491 78 118

9 21.7 11511 91 116

10 16.4 11581 127 105

field levels 4.6 and 5.0 kilogauss actually correspond
levels, but the temperature correction is not known.

to lower effective induction-field

The experimental results near air resonance for the CTN ring at Idc = 4.0 amperes
presented in Table 3a were used to calculate the in-air motional impedance, resonance
frequency, and quality factor as an example of these calculations for a CTN-ring run.

18
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The core reactance and resistance at in-air resonance, which were extrapolated from the
curves of core reactance off resonance and the plot of total reactance versus resistance,
were estimated to be 14.1 ohms and 0.6 ohm. These values were subtracted from the
total input reactance and resistance values of Table 3a, and the resulting motional react-
ance is plotted against motional resistance in Fig. 11a. The values of motional impedance
are given in Table 7a. The frequency corresponding to maximum motional impedance is
9177 Hz, and the diameter of the circle drawn from the origin to the point of IZmotlmax
shows that the circle is inclined from the horizontal by an angle of 8 degrees. The circle
tilt is a measure of hysteresis and eddy-current losses. The quadrantal frequencies f1 and
f 2 corresponding to IZmotI = (1,y2 lZmotlmax are 9140 Hz and 9226 Hz. The quality
factor in air is

_ 9177 _9177

QZ= 9226-9140 - 86 =107.

The diameter of the motional impedance circle is 80 ohms.
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Table 7a
Motional Impedance of the CTN Ring

in Air When IdC = 4.0 A

Frequency Resistance Reactance
(Hz) (a2) (92)

8000
8500
9000
9119
9122
9125
9128
9131
9134
9137
9140
9144
9150
9162
9165
9168
9171
9174
9177
9180
9184
9206
9209
9212
9215
9218
9221
9224
9227
9230
9233
9239
9246
9321
9500

10000
11000

27.9
29.2
30.8
33.7
35.8
38.4
41.4
44.4
49.1
58.2
72.4
75.2

.76.3
78.1
78.6
78.3
77.2
75.4
52.1
48.6
45.4
42.0
40.4
36.9
34.7
32.7
30.2
27.2
23.6
20.3
4.5

32.7
33.2
33.6
34.1
34.3
34.4
34.3
34.0
33.0
29.4
15.6
10.0

7.2
0

-5.1
-11.8
-16.8
-22.0
-44.3
-45.3
-46.0
-46.5
-46.6
-46.6
-46.5
-46.3
-45.8
-45.0
-43.8
-42.2
-25.5

The experimental results near air resonance for the Nickel-200 ring at IdC = 3.8
amperes presented in Table 3b were used to calculate the in-air motional impedance,
resonance frequency, and figure of merit as an example of these calculations for a Nickel-
200-ring run. The core reactance and resistance at in-air resonance were estimated to be
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Fig. llb - Motional impedance of the Nickel-200 ring in air
with Idc = 3.8 A

26.2 ohms and 3.6 ohms. These values were subtracted from the total input reactance
and resistance values of Table 3b, and the resulting motional reactance is plotted against
motional resistance in Fig. 11b. The corresponding values of motional impedance are
given in Table 7b. The frequency corresponding to maximum motional impedance is
11485 Hz, and the circle is inclined from the horizontal by an angle of 19 degrees. The
quadrantal frequencies fl and f2 corresponding to IZmot I = (1/\/_ IZmott max are estimated
to be 11,410 Hz and 11,569 Hz. Impedance measurements were not taken at these fre-
quencies, but they were extrapolated from the closest measured impedance values. The
quality factor in air is

11485
QZ = 11569 - 11410 = 72-

The diameter of the motional impedance circle is 114 ohms.

Each of the other runs for both rings were analyzed in accordance with the methods
indicated in these examples.

The motional impedance circles in water are not plotted, because their tilts are a
sensitive function of the estimated core reactances at water resonance frequency. For
example a 1-ohm error in the estimate of the core reactance for the CTN ring (Vdc = 4.0
amperes) at the water resonance frequency will change the tilt of the water motional-
impedance circle by 7 degrees. The Pulse Vector Immittance Meter had a system error of
±1 ohm and a reading error of ±0.1 ohm. The system error was manifest in the error in
the measured reactance of a standard inductor. Consequently all of the electrical
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Table 7b
Motional Impedance of the Nickel-200 Ring

in Air When Idc = 3.8 A

Frequency Resistance Reactance
(Hz) (a2) (a2)
8000
9000

10000
11000
11333
11345
11360
11364
11368
11371
11374
11377
11381
11384
11388
11392
11396
11401
11455
11459
11462
11466
11469
11472
11475
11478
11481
11485
11525
11532
11535
11538
11541
11544
11547
11550
11554
11558
11561

5.1
32.7
36.4
42.6
44.5
46.7
47.9
48.9
50.9
52.8
55.1
57.1
59.6
62.1
66.0

107.3
109.0
109.5
110.6
111.0
110.4
110.4
109.6
108.8
107.6

74.9
67.5
63.1
60.7
57.4
55.0
52.2
50.1
47.9
43.6
41.2

12.2
36.2
37.0
38.0
38.5
38.4
38.6
39.6
39.3
39.2
39.0
38.5
38.0
37.5
36.5

0.3
-4.4
-9.3

-13.4
-17.5
-22.3
-25.8
-29.1
-33.0
-38.2
-73.2
-75.4
-76.2
-76.6
-76.8
-77.0
-77.0
-76.8
-76.6
-75.9
-75.3
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resistance and reactance readings may be too great or too small by as much as 1 ohm.
The reading error was manifest in an uncertainty in the last digit of all of the measured
impedance values.

The transmitting efficiencies Eff of the rings in water at their separate resonances
were calculated from Eq. (8). Though the tilts of the motional impedance circles in water
are a sensitive function of the estimated core reactances at water resonance frequency,
the diameters of the motional impedance circles are relatively insensitive to the choice of
core reactances. The in-water impedance curves shown in Figs. 5a and 5b are plots of
total electrical reactance against total electrical resistance. To find the corresponding
motional-impedance curves, the core impedance was subtracted from the total impedance
at each frequency represented by a data point. Because the Q of the rings was low in
water (approximately 10 to 15), a different value of core impedance was used for each
data point. The rate of change of core reactance with frequency was extrapolated from
the low-frequency-core-impedance plots of Figs. 6a and 6b.

For the CTN ring at Idc = 4.0 amperes

Dz = 80.0 ohms,

Ri = 8.1 ohms,

DW= 7.2 ohms,

Ef 7.2 80 -7.2_
E 81 80 = 0.81 o 81%,

For the Nickel-200 ring at Idc = 3.8 amperes

Dz = 114 ohms,

Ri = 14.1 ohms,

DW= 11.9 ohms,

Ef = 11.9 114 - 11.9 = 0.76 X 76%.

Eff= 14.1 114

The transmitting efficiencies of the rings were also calculated from the ratio of the
acoustic power out to the electrical power in for each ring. The acoustic power out was
found by numerically integrating under the far-field directivity patterns corresponding to
the rings' in-water resonance frequencies. For detectable far-field transmission however
the rings were driven at currents of 100 milliamperes ac. The efficiencies determined by
this method were 59% for the CTN ring and 66% for the Nickel-200 ring. These numbers
differ from the previously calculated efficiencies because of uncertainties and approxima-
tions used in both calculations. The efficiencies are high because the ac driving currents
were small. The purpose of doing the calculations was to indicate that at low-power drive
the efficiences of the two rings were comparable.

Interesting speculation can be made relevant to the use of the rings in a billboard
array. A billboard array is a row of coaxial stacks of elements. The number, spacing, and
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amplitude shading of the elements in a stack determine the acoustic radiation profile in
the vertical planes (planes parallel to the axes of the stacks). The number, spacing, and
amplitude shading of the stacks in the row determine the acoustic radiation profile in the
horizontal planes (planes perpendicular to the axes of the stacks). Since the CTN ring
used in this experiment had a 20% lower resonance frequency than the Nickel-200 ring
of the same dimensions, and since ring resonance frequency is inversely proportional to
ring diameter, a CTN ring with the same resonance frequency as the Nickel-200 ring
would have a 20% smaller diameter. Therefore a CTN-ring array could be more densely
packed than a Nickel-200-ring array operated at the same resonance frequency, resulting
in a reduction of the interelement spacing and a greater angular displacement of all of the
minor lobes from the main beam of the CTN array radiation pattern. On the other hand,
if a CTN-ring array were built with the same interelement spacing used in a Nickel-200
ring array and the resonance frequencies of the rings in each array were identical, then
the smaller CTN rings would be acoustically less visible and have less mutual coupling
between elements than the larger Nickel-200 rings.

CONCLUSIONS

The comparison between the CTN and the Nickel-200 magnetostrictive free-flooded
ring transducers shows the relative advantages and disadvantages of each ring. Because
the ac excitation current for all of the runs was only 15 milliamperes, the comparison is
based on measurements which were made at low-power and linear excitation.

Figure 7 shows that at any specified induction-field level over the induction-field
range 1 to 5 kilogauss the reversible permeability UT of the CTN ring is approximately
1/2 that of the Nickel-200 ring. The input core electrical impedance, which is propor-
tional to the reversible permeability, of the CTN ring is correspondingly less than that of
the Nickel-200 ring when both rings are excited at the same frequency. The eddy-current
loss in a magnetostrictive ring is also proportional to the reversible permeability, whose
smaller value for the CTN ring is an advantage manifest in reduced internal heating losses.
The higher permeability of the Nickel-200 ring does however have an important advantage
that is revealed in Table 2. The Nickel-200 ring requires a smaller ampere-turn product
than the CTN ring to achieve a specified level of magnetic induction field.

The material electromechanical coupling coefficients of the two rings strongly depend
on induction field level, with the CTN ring achieving a slightly higher value of coupling
coefficient (h7%) at optimum levels of magnetizing induction field (-4 kilogauss). The
piezomagnetic strain constant d33 is slightly higher (t8%) at optimum magnetization for
the Nickel-200 ring. The significance of d3. in terms of the piezomagnetic activity of a
material is in its relationship to k33, a relationship which involves the other material param-
eters Sq and 13T3. A measure of the energy conversion capability of the ring is given
by kj2, because it "gives the fraction of input electrical energy which appears in mechani-
cal form, stored in the elastic displacement" [6]. The curves of g33 versus B3 in Fig. 10
show a much greater slope for the CTN ring than for the Nickel-200 ring. Since g33
relates strain to magnetic induction field in the transducer, the greater slope of the CTN
ring curve tends to confirm the claim that CTN has a higher "available magnetostrictive
strain energy" [7].
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A clearly desirable advantage of the CTN ring over the Nickel-200 ring is the 37%
lower Young's modulus, resulting in a 21% lower sound velocity. In practical terms this
means that to satisfy a specified resonance frequency requirement, a CTN ring can be
built with a 21% smaller diameter than a Nickel-200 ring, resulting in correspondingly
lighter weight, easier handling, and lower fabrication costs.

The quality factor Q (Table 6) of the CTN ring is greater than that of the Nickel-
200 ring at any specified field level over the induction field range because of the smaller
internal heating losses resulting from the smaller reversible permeability of the CTN ring.
Consequently the ratio of the diameter of the Nickel-200 motional impedance circle at
'dC = 3.8 amperes (3.9-kilogauss induction field) to the diameter of the CTN motional
impedance circle at Idc = 4.0 amperes (3.8-kilogauss induction field) is only 1.4, whereas
the ratio of the corresponding [,u' 3g33/SB3 ] 2 terms in Eq. (1) is 3.7. This result implies
that most of the surface-velocity disadvantage of the CTN ring due to its lower permeabil-
ity is made up by its larger QZ and lower resonance frequency in comparison to the
Nickel-200 ring. The impedance circles in water shown in Fig. 5, which were taken at the
same values of magnetizing currents (and induction fields) used in air, support the con-
clusions based on the impedance circles in air. The water resonance frequency of the
CTN ring is approximately 20% lower than the water resonance frequency of the Nickel-
200 ring. A smaller ring for the same resonance frequency results in an advantage for the
CTN ring as an element of an array of rings. Finally the transmitting efficiency of the
CTN ring is approximately the same as that of the Nickel-200 ring when they are com-
pared at their different water resonance frequencies.

The power-handling capability, which is an important property of magnetostrictive
ring transducers, can be determined only by experiments at high power drive.

Other comparisons are possible between the two rings based on the data presented in
this report or using the computer model of a magnetostrictive ring. The purpose of this
experiment however was to provide enough information to familiarize the transducer
engineer with the properties of a CTN ring and to allow him to choose which type of
magnetostrictive ring will best fit a low-power linear-drive application.
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Appendix A
THE DERIVATIONS OF THE EQUATIONS FOR d 33 AND g33

The author is indebted to Mr. Charles LeBlanc Underwater Systems Center, New
London, Connecticut, for a private communication which derived and showed the im-
portance of using the appropriate piezomagnetic constants.

For thin rings* (in MKS units)

S = SH3 T3 + d33 H3 (Al)

and

B3 = d 33 T3 + g33 H3 , (A2)

where

S3 = the circumferential strain,

T3= the circumferential stress,

B3 = the circumferential magnetic induction field,

H3= the circumferential magnetic field intensity,

SH = the elastic compliance at constant H.
33 H

d33 = the piezomagnetic constant,

JLT3 = the reversible permeability at constant T.

The material electromechanical coefficient k33 is given by
d33

Fe2 3 _ _ _

33 SH ,T

where

SB =SH( 1 Fk33).

*R.S. Woollett, "Magnetostrictive Material Requirements for Sonar Transducers," U.S. Navy Journal of
Underwater Acoustics 20 (No. 4), 679 (1970).
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Therefore

2 d3 3(1 -k 3 )

S33A33

and

d 33 T B33C33 33__33__

The piezomagnetic constant g3 3 is defined by the equation*

S3 =S 3B T3 +g3 3B 3

Substituting for B3 from Eq. (A2),

S 3 =S 3 T3 +g3 3 l 33 T3 33 31

= [S33 +g33 d3 3]T3 +g3 3 33 H33

Comparing the coefficient of H3 with the corresponding coefficient in Eq. (Bi),

g3 3j1 33 d33

or
_ C33

g3 3 T
133

*Technical Committee on Transducers and Resonators of the IEEE Group on Sonics and Ultrasonics,
"IEEE Standard on Magnetostrictive Materials: Piezoelectric Nomenclature," The Institute of Electrical
and Electronics Engineers, 1971.
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